The effect of heat treatment at 42 "C on a thermosensitive division-defective strain of Escherichia c o l i~1 2 , MACI, has been studied under conditions which support a generation time of about 50 min. Synchronous cells gained simultaneously the ability to divide at 42 "C and to divide in the presence of nalidixic acid or chloramphenicol, 20 min before physical separation of daughter cells. When synchronous cells of different ages (between o and 20 rnin after elution from an absorbent membrane) were subjected to a heat shock, division always took place 55 to 60 min after the shock. A similar treatment of an exponential culture resulted in synchronous cell division after a lag of 55 to 60 min during which no division occurred. Division is probably controlled for 40 to 45 min by the gene mutated in MACI. Thus MACI cells of different ages appear to return to the same point of their division cycle when they are heated at 42 "C. We propose that the gene mutated in MACI has a role in the timing control of E. coli cell division. Progress to division appears to require a fixed period in which the function controlled by the gene is performed ; this period ends, under physiological conditions, when division does not require further protein or DNA synthesis.
A Timing Control of Cell Division in Escherichia coli
The effect of heat treatment at 42 "C on a thermosensitive division-defective strain of Escherichia c o l i~1 2 , MACI, has been studied under conditions which support a generation time of about 50 min. Synchronous cells gained simultaneously the ability to divide at 42 "C and to divide in the presence of nalidixic acid or chloramphenicol, 20 min before physical separation of daughter cells. When synchronous cells of different ages (between o and 20 rnin after elution from an absorbent membrane) were subjected to a heat shock, division always took place 55 to 60 min after the shock. A similar treatment of an exponential culture resulted in synchronous cell division after a lag of 55 to 60 min during which no division occurred. Division is probably controlled for 40 to 45 min by the gene mutated in MACI. Thus MACI cells of different ages appear to return to the same point of their division cycle when they are heated at 42 "C. We propose that the gene mutated in MACI has a role in the timing control of E. coli cell division. Progress to division appears to require a fixed period in which the function controlled by the gene is performed ; this period ends, under physiological conditions, when division does not require further protein or DNA synthesis.
I N T R O D U C TION
Chromosome replication and cell division are intimately connected processes in Escherichia coli. Under normal conditions completion of a round of replication is a necessary prerequisite for division (Clark, 1968; Helmstetter & Pierucci, 1968) . A protein(s) whose synthesis is dependent on the replication of the chromosome terminus, appears to be required for subsequent division of the cell (Jones & Donachie, 1973) . It has been proposed that its role is to release the chromosomal DNA from its attachment to the cell membrane which is necessary for subsequent cell division (Jones & Donachie, 1974) .
The chromosome replication cycle could provide the clock for division. However, the following facts strongly suggest that the timing of cell division is controlled by additional systems which are more or less independent of DNA replication. Firstly, under many growth conditions (I to 3 generations/hour) the interval between the termination of chromosome duplication and division is constant (20 min) (Cooper & Helmstetter, 1968) . Secondly, at doubling times between 27 and 45 min a fixed period of protein synthesis, which normally occurs concurrent with chromosome replication but can be uncoupled from it, is required for division (Pierucci & Helmstetter, 1969) . The nature of the timing control systems of cell division is still unknown. The properties of a division-defective strain of E. coli are described, showing that it is affected in a gene which appears to be involved in the timing control of cell division. LEI^^ (source: R. H. Pritchard), E. coli K12 Hfr c thi met, was used in mating experiments.
Media and conditions of cultivation. LB medium containing 10 g tryptone, 5 g yeast extract, I g NaCl, I g glucose and 2.5 mg thymine per litre distilled water, was used in most of the experiments. MA medium was Mg synthetic medium (Adams, 1959) supplemented with thiamine (2 pglml), thymine (2.5 pg/ml), Casamino acids (200 pg/ml) and the following amino acids, each at 40 pglml: threonine, leucine and proline. The nutrient broth was 2-5 % (w/v) Oxoid No 2. Media were solidified with 1.5 % (w/v) agar for plating purposes.
Liquid medium was inoculated from a previous culture to an initial extinction of about 0.01 and aerated at 30 "C in a New Brunswick gyratory water bath. DNA assays. Cultures were grown for at least five generations at 30 "C on MA supplemented with [3H]thymine (0.05 , &; 2-5 pg/ml) and deoxyguanosine (100 puglml) (Kammen, 1967) , and experimental treatments carried out as indicated. Radioactivity present in the acid-insoluble fraction was determined by adding I ml samples to an equal volume of cold (0 to 4 "C) trichloroacetic acid (10 %, w/v); after 2 h they were membrane filtered (Whatman filter GF/F, 25 mm diameter) and washed six times with 5 ml of hot (go to 95 "C) distilled water. The filters were dried at 42 "C for 12 h and placed in small glass vials containing Interrupted matings. Male bacteria (LEI 35) were grown on nutrient broth, without aeration, at 37 "C to a concentration of about 2.0 x 1oS viable cells/ml. Recipient (MACI) was grown, with shaking, at 30 "C to 2-0 x I O~ viable cells/ml. They were mixed in a ratio of I Hfr : 5 F-and incubated at 34 "C. Samples (0.2 ml) were removed at I min intervals, diluted with 1.8 ml of 0 . 1 hi-phosphate buffer pH 6-8, violently agitated for 1 0 s on a saber saw (Low & Wood, 1965) , and plated (0.5 ml) on prewarmed agar plates.
Synchronous growth. Synchronous cultures were obtained by the membrane elution technique as modified by Cummings (1970). Samples (200 ml) of a culture in exponential growth (5 x 10' viable cells/ml) on LB medium at 30 "C were filtered on to the surface of a BDWPtype (0.6 pm pore size, 142 mm diameter) Millipore membrane filter. The filter was inverted and elution with LB medium, at a rate of 20 ml/min, was begun. The elution rate was changed 30 min later to 1 0 ml/min, and after another 30 min samples (I 5 ml) were collected and placed in a shaker water bath. All these operations were carried out in a room at 30 "C.
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Temperature shifts. Temperature shifts from 30 to 42 "C were achieved by immersing cultures (I 5 ml volume in 50 ml growth flasks) in a water bath shaker at 45 "C for 30 s and then in another shaker at 42 "C. The time for the attainment of thermal equilibration was 50 s. The same method was used to change the temperature from 42 to 30 "C, but using an ice water bath shaker in which the culture was immersed for 7 s before being transferred into a second shaker at 30 "C; thermal equilibration was achieved in 15 s.
R E S U L T S
Phenotypic and genetic analysis of strain MACI The thermosensitive mutant MACI did not form colonies at 42 "C but was able to grow at this temperature as indicated by increasing E450 (Fig. I ). Exponential growth of MACI continued at 42 "C for at least 3 h. Exponential DNA synthesis also continued at 42 "C for more than 2 3 h and the increase in DNA was about 4-to 5-fold (Fig. I) . The mutant could initiate rounds of chromosome replication at the restrictive temperature, as indicated by its ability to synthesize DNAat 42 "C after amino acid starvation at 30 "C for a period exceeding one generation time. When the temperature was raised from 30 to 42 "C, MACI cultures stopped increasing in particle number after about 20 min. These properties characterize MACI as a conditional division-defective strain.
The thermosensitive mutation of MACI mapped between thr andproC, at 3 k I rnin on the genetic map (Taylor & Trotter, 1972) .
Efect of heat shocks on synchronous cultures of MAC1
Synchronous cells were selected as described. Their generation time under these conditions was approximately 50 min, as calculated from the interval between the two first rounds of division. The mass doubling time of MACI exponential cells growing on LB medium at 30 "C was also 50 min. However, the first round of division of synchronous cells took place 40 to 45 min after elution from the membrane.
The incubation temperature of synchronous cultures of MACI was shifted from 30 to 42 "C at different times after elution and particle numbers counted (see Fig. 3 ). Division became resistant to the increased temperature between 21 and 24 min after cell elution, about 20 min before the actual time at which division took place (42 to 43 min). In another experiment, division became resistant to 42 "C 24 to 27 min after elution, when the division time was 46 to 47 min. The ability to divide at 42 "C was acquired by MACI cells at the same time that no further protein or DNA synthesis was required for division (see Fig. 5 ). The shortest time after cell elution at which chloramphenicol (CAP) could be added to a synchronous culture without totally inhibiting cell division was between 2 1 and 24 min, the same time as that at which division became resistant to 42 "C. Similar results were found when nalidixic acid (NA), an inhibitor of DNA synthesis, was used. Both CAP and N A partially inhibited cell division when added 20 min before the time of the division round (Fig. 5) . This was not due to synchrony deficiencies, because the same degree of inhibition was found when CAP and NA were added 30 and 33 min after cell elution. Figure 4 shows an experiment in which synchronous cultures were subjected to a 10 min heat shock at 42 "C to inactivate the product of the gene mutated in MACI (we have tentatively called this gene divA). The heat shock was started at varying times after elution. The round of division took place in all cultures at the same time, about 55 min after the shift-down. The expected maximum division time for the oldest cells used in this experiment was 25 min, and 45 min for the youngest cells. These ., shifted to 42 "C at 24 min.
Initial particle counts/ml were 3-8 x 105 (0, 0 ) and 3.0 x 105 (0, H). (6) As (a) but using NA (80 ,ug/ml) instead of CAP. 0, NA added at 24 min; 0 , shifted to 42 "C at 24 min; 0, NA added at 27 min; ., shifted to 42 "C at 27 min. Initial particle counts/ml were 2-4 x 105 (0, 0 ) and 2-1 x 105 (0, . I . . Acquisition of the ability to divide at 42 "C by synchronous MACI cells previously subjected to heat shock. Heat shock (10 min at 42 "C) immediately after elution was followed by incubation at 30 "C for (0) 40 or (0) 45 min before shifting to 42 "C. Heat shock 20 rnin after elution was followed by incubation at 30 "C for ( 0 ) 40 or (H) 45 rnin before shifting to 42 "C. Fig. 7 . Acquisition of the ability to divide in the presence of CAP by synchronous MACI cells previously subjected to heat shock. Synchronous cultures growing at 30 "C on LB medium were subjected to a 20 min heat shock at 42 "C starting 20 rnin after elution; they were returned to 30 "C and CAP (300 ,ug/ml) was added (0) 30, ( 0 ) 35, (0) 40 and (H) 45 rnin later. Initial particle counts/ ml were 3.9 x 105 (0, 0 , H) and 3.6 x 105 (0).
results indicate that heated cells apparently return to the same point of their division process regardless of age.
To investigate the total time in which division is controlled by divA, an experiment similar to that shown in Fig. 3 was carried out but using cells in which the divA product had been previously inactivated (by a 10 min shock at 42 "C) either at the time of elution or 20 min later. In both cases the ability to divide at 42 "C was acquired between 40 and 45 rnin after the end of the previous heat shock (Fig. 6 ). This is probably the length of the divA control period. The thermosensitivity of the product of divA expression suggested that it was a protein. To confirm this point and to determine the expression time of the gene, synchronous cultures were shifted to 42 "C 20 min after cell elution and incubated at this temperature for another 20 min. This length of time (a total of 40 rnin after cell elution) should be enough for cells to complete the round of DNA replication and protein synthesis necessary for division (see Fig. 5) . The cultures were then returned to 30 "C and CAP was added at various times. 
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Addition of CAP at any time up to 40 min after the heat shock prevented cell division (Fig. 7) . The protein that had to be synthesized under our experimental conditions was probably the thermosensitive divA product, because cells were able to divide when CAP was added 24 min after cell elution if they had not been subjected to the heat shock (Fig. 5) . The protein synthesis period controlled by divA was completed between 35 and 40 min after the heat shock, that is, about 5 min before the end of the period in which division was controlled by divA.
Eflect of heat shocks on exponential cultures of MAC1 From the data obtained with synchronous cultures, at least three predictions can be made on the effect of heat shock at 42 "C on exponential cultures of MACI : Firstly, after a shift-up from 30 to 42 "C there must be residual divisions for about 20 min to produce an increase in cell numbers of approximately 30 %. This is based on the fact that cells in the last 20 min of the cell cycle (which lasts 50 min) are resistant to heating (Fig. 3) . The percentage of residual divisions was calculated from these data by considering the cell number distribution throughout the cell cycle (Powell, 1956 ). Secondly, a lag period of 55 to 60 rnin in which no divisions occur must follow the shift-down to 30 "C. This derives from the observation that heat sensitive cells of any age need this time to divide when returned to 30 "C after a heat shock (Fig. 4) . Thirdly, the heat shock must synchronize cells for division. Figure 2 shows that these predictions appear to be fulfilled. An exponential culture growing at 30 "C was subjected to a 30 min heat shock at 42 "C and then returned to 30 "C. Cell division continued at 42 "C for 20 min and particle numbers increased by 20%. Viable counts were only 70% of the particle counts at the shift-up. This probably explains the difference between the particle increase measured (20 %) and the expected increase (30 %). The division lag after the shiftdown was 55 min and at least one synchronous round of division was observed. Cell numbers could not double in this division round because, as stated before, only 70 % of the cells were viable. A control experiment (Fig. 2) with strain M C~, the parental organism of MACI, was done to show that in cells with the divA wild-type allele, division synchrony was not induced by the heat treatment used to synchronize MACI (certain strains of E. coli divide synchronously after a 16 min heat shock at 45 "C; Wu & Pardee, 1973) .
D I S C U S S I O N
The properties of MACI suggest that the gene mutated in this strain has a role in the timing control of cell division in E. coli. This is mainly substantiated by the similarities in the division times (55 to 60 min) of cells of different ages after a heat shock to inactivate divA product (Figs. 2 and 4) . If the only effect of divA product inactivation was to stop cell progress towards division, the division time of synchronous cultures heated immediately after elution should be 45 min and that of cultures treated 20 min later should be 25 min. Inactivated cells shared another property: they required the same time (40 to 45 min) to perform the thermosensitive function specified by divA (Fig. 6) . Most of this time was probably necessary for gene expression (Fig. 7) . According to these results, it appears that when the divA product is inactivated, cells return to the starting point of a clock-like control system of the division cycle. From this point, cell progress to division seems to require a fixed period (between 40 and 45 min) in which divA function is performed and a further period that is independent of divA. This second period takes 20 min under physiological conditions, at a generation time of 50 min (Fig. 3) , though it can be reduced to about 15 min when the cell cycle is disturbed by previous heating (Figs. 4 and 6) . This last portion of the division cycle which is not under divA control, most probably corresponds to the D period (Cooper & Helmstetter, 1968) as Cell division in E. coli 313 indicated by its length and by the fact that cells are able to divide in the presence of CAP or NA during this period (Fig. 5) . It is possible that divA function is related to initiation of the division processes which usually take place during the D period, by triggering this initiation at the completion of chromosome duplication. However, the divA control period can be uncoupled from chromosome replication ; after inactivation of the divA product the time of division or the time of the divA control period was the same in cells which were at different points of chromosome replication. Under physiological conditions, the end of a round of replication and the end of the divA control period coincide, and the similar time length (40 to 45 min) of chromosome replication (Cooper & Helmstetter, 1968 ) and the divA control period suggests that both processes are initiated at the same time. Simultaneous initiation of these processes has not yet been demonstrated. However, it has been proposed that DNA replication and a 40 min period of protein synthesis necessary for division are initiated approximately simultaneously (Pierucci & Helmstetter, I 969) . Again, the similarity between the duration of this protein synthesis period and of the divA control period, and the fact that these processes are completed simultaneously, tempt us to propose that divA has an important role in fixing the time for the protein synthesis period necessary for division in E. coli. Many division-defective mutant strains of E. coli have been isolated and described. It is possible that some of them are mutated at the same gene as MACI. This is more probable among those which septate when returned to the permissive temperature, such as PAT^^ (Hirota, Ryter & Jacob, 1968) and BUG^ (Reeve, Groves & Clark, 1970) , or which harbour the thermosensitive mutation between leu and pro as ftsA and C (Ricard & Hirota, 1973 ) and the AX series (Allen et al. 1974) . However, strain ts-20 (Nagai & Tamura, 1972) has more phenotypic affinities with MACI than any other strain. This mutant also divided synchronously after a heat shock. Phenotypic differences between ts-20 and MACI are also remarkable, the most significant one being that heated cells of ts-20 gained the ability to divide at 42 "C, or in the presence of CAP, I 5 min after the heat shock.
Our data cannot explain the mechanisms for divA control of division. An appealing hypothesis is that there has to be a minimum amount of divA product present before the last portion of the division cycle can take place, this product being consumed entirely at a division site when its function is performed. Evidence for the existence of a division factor with such a quanta1 behaviour has been reported (Teather, Collins & Donachie, 1974) . This hypothesis explains why MACI cells of different ages divided at the same time after a heat shock. If divA product is totally destroyed, then no matter how much was present in cells (depending on age) before heating, cells have to start the synthesis of divA product from zero and therefore the time to make the minimum amount is the same in each cell. In favour of this hypothesis is the fact that synthesis of divA product is not completed until the end of the divA control period (Fig. 7) , and it probably starts early in the cell cycle as suggested by the division delay that heat shock causes even to young cells (Fig. 4). We thank M. G. Gregorio for helping to isolate thermosensitive defective mutants, and M. J. F. Caberra for technical assistance. This research was supported by grants from Comisih Asesora de Investigacibn Cientifica y TCcnica, I11 Plan de Desarrollo and Fundacih E. Rodriguez Pascual.
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